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High resolution two-color threshold photoelectron spectra of tropolone and 
9-hydroxyphenalenone (9-HPO) isolated in a free jet expansion have been measured to study 
the proton tunneling phenomena in the cation ground state ( Do). The tunneling splitting widths 
of the De zeroth vibrational level for the both molecules lie within our experimental accuracy (2 
cm-‘), indicating that the proton tunneling is inhibited when compared to that obtained in their 
respective neutral states. By means of a comparative study of these two molecules, the tunneling 
inhibition has been explained in terms of a large contribution from the electronic factor which 
represents the changes in charge distribution of the r electrons upon ionization. The geometric 
factor, which is associated with the ring planarity is less important in determining the rate of 
tunneling in the D,, state. In the case of tropolone, we have found that the measurement of an 
out-of-plane skeletal vibration in various electronic states make it possible to describe the tun- 
neling path at a higher level than a simple one-dimensional description. Moreover, the adiabatic 
ionization energies of g-HP0 and the deuterated g-HP0 have been determined accurately to be 
65 338k5 cm-’ (8.1009*O.OC06 eV) and 65 350&5 cm-’ (8.1024i0.0006 eV), respectively. 
I. INTRODUCTION 
The characterization of potential energy surface that 
governs a variety of chemical reactions is one of the pri- 
mary goals of chemistry. However, in most cases the com- 
plexity of the reaction system makes it difficult to achieve 
the level of understanding necessary to be able to exert real 
control over the reaction. As a first step towards achieving 
this aim, it is instructive to select as simple a reaction as 
possible. One such reaction is a hydrogen atom transfer 
reaction whose simplicity allows us to carry out accurate 
measurements and quantitative theoretical analysis to ob- 
tain information about the potential energy surface. 
Proton transfer reactions are known to play crucial 
roles in various chemical fields.’ Most notably in biological 
chemistry and synthetic chemistry, impressive studies uti- 
lizing this reaction have been reported.2’3 Many enzyme 
catalysis reactions involve a proton transfer reaction at 
some stages in the reaction mechanism.’ Recently, by pay- 
ing attention to tautomerization upon proton transfer, ap- 
plications to laser dyes and molecular memory devices 
have been proposed.3 
The proton transfer phenomenon is also found in mol- 
ecules having intramolecular hydrogen bonds. In this case, 
the proton moves back and forth between two proton ac- 
ceptors (e.g., a hydroxylic oxygen atom and a ketonic ox- 
ygen atom) along the reaction (proton transfer) coordi- 
nate. Even if there is a finite barrier between two stable 
conformers, proton transfer can occur by “proton tunnel- 
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ing” through the barrier. A spectroscopic evidence for pro- 
ton tunneling has been found through the observation of 
induced splittings of discrete vibrational states. 
The most representative molecule showing this phe- 
nomenon is tropolone whose structure is shown in Fig. 1. 
In the case of the neutral ground state (Sc) of tropolone, 
the splitting width of the zeroth vibrational level has been 
observed to be about 1 cm-1.4 On electronic excitation to 
the lowest singlet excited state (St), this splitting width 
increases to 19 cm-1.5 It has been found that the change in 
the electronic environment has a great influence on proton 
tunneling phenomena for such molecules.6 It would be 
very interesting to investigate the effect on the tunneling 
splitting of a more drastic change in the electronic envi- 
ronment that occurs as a consequence of removal of a rr 
electron from the neutral state. 
In order to observe the tunneling splitting in the cation 
ground state (Do), we need to carry out high-resolution 
cation vibrational spectroscopy. It is convenient for this 
purpose to employ high resolution threshold photoelectron 
spectroscopy combined with a resonantly enhanced multi- 
photon ionization (REMPI) technique. In the present 
work, we used our threshold photoelectron analyzer’ 
which is similar in concept to that originally developed by 
Schlag and Miiller-Dethlefs’ group in their ZEKE (zero 
kinetic energy) photoelectron experiments.’ One of the ad- 
vantages of this method is that the pump-probe technique 
allows us to select individual S, tunneling doublet compo- 
nents in the REMPI process.’ Consequently, only photo- 
electron peaks corresponding to transitions terminating on 
levels with the same parity should appear in the threshold 
photoelectron spectrum, symbolically + + + and - + -. 
Here the + and - levels indicate the lower and the upper 
splitting level respectively. As is indicated in Fig. 2, the 
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FIG. 1. Molecular structures of tropolone, 9-hydroxyphenalenone (9- 
HPO-h) and its deuterated compound (9-HPO-4. 
difference between the tunneling splitting width, A$ in the 
Do zeroth vibrational level, and A,” in the Sc zeroth vibra- 
tional level, is reflected in the difference in the total tran- 
sition energies (i.e., the sum of the pump and the probe 
energies) obtained via the 0’ and H’ levels in the St state. 
In a previous communication, we have reported the 
inhibition of proton tunneling in the Do state of tro- 
polone.” The splitting width of the zeroth vibrational level 
in the Do state has been found to be smaller than our 
experimental accuracy (2 cm-‘). In order to explain our 
results we have presented two factors governing the rate of 
proton tunneling in the Do state; a geometric factor and an 
electronic factor. In the case of tropolone, the geometric 
factor is the distance between the two oxygen atoms, which 
is directly affected by the seven-membered ring planarity. 
The electronic factor is the charge distribution of the rr 
electrons, specifically the charge density on the ketonic 
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that the reduction of the charge density on the proton 
acceptor has a dominant effect on the inhibition of proton 
tunneling. That is to say, the electronic factor plays a cru- 
cial role in determining the rate of proton tunneling in the 
Do state of tropolone. 
The above two factors can be applied to related molec- 
ular systems. We have chosen 9-hydroxyphenalenone (9- 
HPO) as the second example to carry out a comparative 
study with tropolone respective to the proton tunneling 
phenomena in the Do state. The g-HP0 molecule has a 
rigid carbon skeletal framework consisting of three con- 
densed six-membered carbon skeletals as shown in Fig. 1. 
In contrast to tropolone, it appears that structural change 
does not occur during the ionization process and conse- 
quently any change in tunneling behavior in the Do state 
can be mainly attributed to the electronic factor. 
As was mentioned before, it is essential to be able to 
populate the upper splitting level of the So zeroth vibra- 
tional level of the molecule studied in jet experiments in 
order to measure the splitting within the Do state. Bondy- 
bey et al. I1 have observed a splitting width of 69 cm-’ for 
the zeroth vibrational level in the So state in a low temper- 
ature matrix. Assuming the same value for the isolated 
molecule, it is clearly going to be difficult to populate 
9-HP04 (hereafter, denoted as 9-HP04 to distinguish 
from its deuterated compound) to this upper splitting level 
under jet conditions. In the present work, the deuterium 
isotope compound (9-HPO-d), which can be obtained by 
exchanging the hydroxylic hydrogen atom with a deute- 
rium atom as shown in Fig. 1, was synthesized to measure 
the electronic spectra. According to Bondybey et al.,” the 
tunneling splitting width of the zeroth vibrational level of 
9-HPO-(I! in the So state is 12 cm-‘. This value is small 
enough to enable the molecule to be populated in its upper 
splitting level in the So state even under isolated condi- 
tions. 
O-l-f-0 Coor-dlna~e 
FIG. 2. The schematic tunneling potentials of tropolone and possible 
electronic transitions from the S, zeroth vibrational levels in the REMPI 
process. The difference in the total D,,-& transition energy via the S, 0’ 
and S, H’ levels reflects the difference of the tunneling doublet splitting 
width between the So and D,, states. 
In a medium-sized molecular system such as tropolone 
or 9-HPO, the actual tunneling process is slightly more 
complex than that which occurs in systems such as ammo- 
nia. In the case of tropolone, nonplanarity of the seven- 
membered skeletal ring in the So state has been reported 
from x-ray crystallography. l2 The migration of the proton 
from the hydroxyl group to the ketonic oxygen must in- 
volve some heavy atom motion. In order to describe the 
phenomenon properly, one must define the tunneling path 
in terms of a multidimensional coordinate system. How- 
ever, owing to the complexity of the system, theoretical 
approaches have so far been limited. Redington et al. I3 
have proposed a two-dimensional tunneling coordinate 
consisting of T and r coordinates from their laser induced 
fluorescence (LIF) experiments of the 180 isotopomer en- 
riched tropolone. l3 The T and r coordinates mainly consist 
of proton transfer and skeletal twist, respectively. It is con- 
sidered that this coordinate system is basically similar in 
concept to our proposed electronic and geometric factors. 
These coordinates represent a convenient choice to achieve 
a general understanding of the tunneling path in tropolone. 
Evaluation of the tunneling properties with respect to these 
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two coordinates is easily carried out from vibrational spec- 
troscopy. 
In the present paper, our further experimental results 
of tropolone are presented to complement and expand our 
previous spectroscopic data which have been published as 
a Communication.” The MPI ion-current and MPI- 
threshold photoelectron spectra of both 9-HPO-h and 
9-HPO-d isolated in a free jet expansion are presented for 
the first time. In Sec. IV, we will clarify the relative im- 
portance of the geometric and electronic factors in deter- 
mining the rate of the proton tunneling in the Do state. 
Finally, we will explain the difference in the rate of the 
proton tunneling among the three electronic states (So, S, , 
and Do) in terms of the T and r coordinates. 
II. EXPERIMENTAL 
The experimental setup used in the present work is 
essentially the same as previously reportedI and consists 
of a vacuum chamber, a sample inlet system, a threshold 
electron analyzer, a data acquisition system and a laser 
system. The threshold photoelectron analyzer used for this 
study was the deflector type described in Ref. 7. Threshold 
photoelectrons were collected by applying an extracting 
field of 2 V/cm 500 ns after each laser shot ( 10 Hz repe- 
tition). A pair of deflection plates removes all photoelec- 
trons arriving at the electron multiplier prior to the appli- 
cation of the extracting pulse. The laser system used 
consists of two dye lasers (Spectra Physics PDL-3) 
pumped by a single Nd-YAG laser (Spectra Physics, 
GCR-3). One dye laser output (R-575, R-590, LDS-750) 
for w1 was frequency mixed with Nd-YAG fundamental 
( 1.064 ,um) using a KD*P crystal (Quanta-Ray, WEX), 
and the other dye laser output (C-460, C-480) for o2 was 
frequency doubled using a @BBO (Askal) crystal 
mounted on an Autotracker II System (Inrad Co.). The 
delay time between the excitation laser (wi) and the ion- 
ization laser (02) was about 5 ns. The wavelength was 
calibrated using an Ar/Fe hollow cathode lamp (Hama- 
matsu Photonics). Although each photoelectron band for 
both tropolone and g-HP0 was obtained with a band width 
of 9 cm-’ (FWHM), the accuracy of the peak position 
was f 1 cm-‘. 
The tropolone sample (Aldrich Co., 98% purity) was 
used without further purification. According to an NMR 
spectral analysis, no impurities were detected. Samples 
were heated to 370 K to obtain sufficient vapor pressure. 
The gaseous sample, mixed with 1.5 atm argon as a carrier 
gas, was expanded through a home made conical nozzle. In 
order to avoid a reaction with the metal surface on the 
inside the sample holder, a Teflon-coated gas inlet tube was 
used. 
The sample of 9-hydroxyphenalene- 1 -one ( 9-HPO-h ) 
was synthesized by Dr. K. Sugiura of the Nakasuji group 
in this Institute.” Vacuum sublimation was carried out 
prior to the present jet experiments. The observed physical 
properties (melting point and elemental analysis) indi- 
cated that the synthesized samples are excellent in purity. 
The deuterated sample of g-HP0 (9-HPO-d) was also syn- 
thesized by Sugiura as follows: purified 9-HPO-h (400 mg ) 
0 r” 
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FIG. 3. Two-color (1 + 1’) threshold photoelectron spectra of tropolone, 
obtained via the S, 0’ and H’ levels. Each pair of photoelectron peaks 
connected by a dotted line corresponds to a pair of tunneling doublet 
components. 
was dissolved into hot CH30D (30 ml, deuterium contents 
99%, CEA France) under a dry argon atmosphere. After 
refluxing for 30 min and cooling to room temperature, the 
resulting yellow powder was dried under vacuum for sev- 
eral hours. The purity of the deuterated compound was 
confirmed by an infrared absorption spectrum. 
As g-HP0 has a very low vapor pressure, a high tem- 
perature nozzle, which has been developed in this Insti- 
tute,16 was used to obtain sufficient vapor pressure. g-HP0 
was heated to 470 K with this nozzle. Since deuterium 
atom in 9-HPO-d is so easily exchanged with hydrogen 
atoms from water present in air or on the metal surfaces, 
the whole nozzle unit surrounding the sample was kept to 
be thoroughly dried. The loading of 9-HPO-d into the noz- 
zle was carried out under dry conditions. Argon used as 
the carrier gas was dried by passing through an activated 
molecular sieve before mixing with 9-HPO-d. 
III. RESULTS 
A. Tropolone 
As shown in the previous communication,” the tun- 
neling splitting of the zeroth vibrational level in the Do 
state cannot be observed within our experimental accuracy. 
Figure 3 shows the threshold photoelectron spectra ob- 
tained via the Si 0’ and H’ levels plotted against the total 
transition energies. Here the notation H: indicates the hot 
band transition originating from the upper splitting level in 
the So zeroth vibrational level.” The first bands appearing 
in spectra (a) and (b) in Fig. 3 represent the lower and the 
upper tunneling splitting level of the zeroth vibrational 
level, respectively. The total transition energies to these 
two levels are 68 364 and 68 365 cm-‘, respectively. The 
tunneling splitting width of the So zeroth vibrational level 
has been observed to be 29.194 GHz (about 1 cm-‘)4 from 
a measurement of microwave spectroscopy. Consequently 
the splitting width of the zeroth vibrational level in the Do 
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FIG. 4. Two-color ( 1+  1’) threshold photoelectron spectra of t ropolone 
obtained via (a) S, 262,  (b) S, 26’H’, (c) S’ 14’, and  (d) S, 14’H’. 
state can be determined to be 0 cm-‘, which means that 
the tunneling doublet of the zeroth vibrational level is de- 
generate within our experimental accuracy. Therefore, it 
can be said that proton tunneling is inhibited in the Do 
state. 
The assignments of the vibrational bands were carried 
out by measuring threshold photoelectron spectra via sev- 
eral S, vibrational levels already assigned by Sekiya et al. ‘* 
Figure 4 shows the threshold photoelectron spectra ob- 
tained via the S, 262, 262H1, 14’ and 14lH’ levels. All the 
spectra show the Au=0 propensity which makes it possible 
to easily assign the corresponding vibrational level in the 
Do state. In this way, we have observed four vibrational 
modes, 13, 14, 25, and 26, in the Do state and their vibra- 
tional frequencies are summarized in Table I together with 
the corresponding vibrational frequencies in the Si and So 
states. In the cases of modes 25 and 26, the fundamental 
TABLE I. The  observed vibrational f requencies of t ropolone in three 
electronic states. 
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frequencies were obtained by dividing the observed values 
by two, since only the overtones of these modes are con- 
sidered to appear in the spectrum. 
We  can conclude that the tunneling doublets are nearly 
degenerate for all the vibrationally excited states in the Do 
state on the basis of the above information. No Do doublet 
separations were observed even in modes 13 and 14 which 
show large tunneling splittings in the S, state.” Tunneling 
splittings have been observed for vibrationally excited 
bands in the So state as well as the Sl state [e.g., for mode 
34 (C=C-C stretching) or mode 3 1 (c---O stretching)].” 
This fact indicates that while the proton tunneling clearly 
occurs for the ground and vibrationally excited levels in 
both the So and Si states, it is completely inhibited in the 
Do state to within our experimental accuracy (i.e., it is 
much slower than in its neutral states). 
We  can derive the following two characteristic points 
by comparing the observed vibrational frequencies in the 
three electronic states (So, Si , and Do). First of all, the 
vibrational frequencies of the skeletal vibrational modes 
are almost the same between the So and Do states, in spite 
of the fact that the Do state is produced by the r electron 
removal from the neutral states. So far as we have observed 
from our measurements of the vibrational frequencies, 
such a large electronic environment change does not affect 
the skeletal motion of this molecule. The second point is 
the very large change in vibrational frequency of mode 26. 
In the So and Do states, the fundamental frequencies are 
observed to be 109 and 104 cm-‘, respectively. On the 
contrary, the frequency in the Si state decreases to 39 
cm -l, which is nearly one third of the corresponding fre- 
quencies in the So and Do states. This mode is known to 
deform the seven membered skeletal ring to a boat confor- 
mation.13 It has been suggested that this mode directly 
reflects the ring flexibility or rigidity. The relationship be- 
tween this mode and the tunneling path will be discussed 
later. 
B. 9-Hydroxyphenalenone-h (9-HPO-h) 
Vibrational Symmetry 
mode  (G”) 
Vibrational f requency (cm-‘) 
sOa 4” Dab 
Qi 434  414  436  
=I 359  296  339  
6 177  171  140  
Figure 5 shows a two-color ion current spectrum of 
jet-cooled 9-HPO-h, obtained by fixing the ionization laser 
energy at 42 720 cm- ‘. The total transition energy can 
reach about 700 cm- ’ above the adiabatic ionization en- 
ergy of 9-HPO-h. This is the first report for the MPI spec- 
trum obtained under free jet conditions. Spectroscopic in- 
formation about g-HP0 in the S1 state has so far been 
obtained only from fluorescence excitation spectra in a low 
temperature matrix.’ 1*20 The O-O band indicated by 0: in 
Fig. 5  appears at 23 298 cm-’ and an additional peak lo- 
cated at 40 cm- ’ on the red side of the O-O band is due to 
complex formation of 9-HPO-h with an argon atom. The 
observed vibrational frequencies are listed in Table II to- 
gether with the previous data obtained in a neon matrix. 
4  109  39  104  
‘According to Sekiya et al. (Ref. 11). 
bPresent work. 
The present result compares very well with the one 
obtained in a neon matrix by Bondybey et al. l1 The corre- 
spondence between the vibrational frequencies obtained in 
a low temperature matrix and those in our jet experiments 
is quite good, which suggests that the perturbation of the 
host molecule in a neon matrix is not so large. This phe- 
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FIG. 5. A two-color ( 1 + 1’) ion current excitation spectrum ofjet-cooled 
9-HPO-h in the S,-S, region, obtained by fixing the ionization energy at 
42 120 cm-‘. 
nomenon has been previously found to be common in com- 
parative studies involving neon matrices and free jets. Ac- 
cording to the fluorescence study in a neon matrix by 
Bondybey ef al. ‘I the tunneling splitting width of the ze- 
roth vibrational level of 9-HPO-h is observed to be 69 
-I. It seems reasonable that this value can be applied to 
Ez jet experiments. The splitting width, A:(h) = 69 
cm-‘, between the upper and lower tunneling doublet 
means that it is impossible to populate the upper splitting 
TABLE IL Vibrational frequencies (cm-‘) in the St state of 9-HPO-h 





intensity RHB* BHEb 
O-44 Ar complex 10 
0 (23 298)’ 00 100 (23 199)’ (23 208)’ 
o+ 171 11 205? 
0+255 6 
0+314 7 314 311 
O+ 363 6 
0+414 13 420 415 
0+426 5 431 
0+436 6 435 
0+565 8 570 





intensity RHB’ BHEb 
0 (23 406)’ 00 100 (23 301)’ (23 309)’ 
167d H’ 22 16Od 16@ 
0+175 13 172 172 
0+364 24 363 359 
Observed by Rossetti, Haddon, and Brus in a neon matrix [Ref. 20(a)]. 
bObserved by Bondybey, Haddon, and English in a neon matrix (Ref. 
11). 
@Ihe observed transition energies (cm-‘). 
dShowed a stagnation pressure dependence of spectral intensity in a free 
jet (and temperature dependence in a neon matrix). 
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FIG. 6. A two-color (l+ 1’) threshold photoelectron spectrum of 
9-HPO-h obtained via the S, 0’ level. 
level in our jet experiments. Consequently, all bands ap- 
pearing in Fig. 5 must be due to transitions originating 
from the lower tunneling splitting level, Oc in the Sc state 
(i.e., there are no hot band transitions from the upper 
splitting level, H, ) . Accordingly, we are not able to observe 
the tunneling splitting width in the S, state which means 
that it is impossible to ionize the molecule to the upper 
splitting level in the Do state under the current experimen- 
tal conditions. Clearly if we are to observe any tunneling 
splitting in the D,-, state, the value of A,” in the Sc state 
should be small enough to enable the molecule to be pop- 
ulated in the upper level in a jet experiment. In the case of 
9-HPO, this can be accomplished by enlarging the effective 
mass of the moiety involved in the tunneling process by 
exchanging the proton with a deuterium atom. Bondybey 
et ai. ‘i have measured the So tunneling splitting for the 
deuterium exchanged compound, 9-HPO-d, and obtained a 
value of 12 cm-i for A:(d) . This splitting is small enough 
to allow the molecule to undergo a hot-band transition 
from the upper level in a jet experiment. 
Prior to presenting the results for the deuterium iso- 
tope compound, 9-HPO-d, we briefly mention a threshold 
photoelectron spectrum of 9-HPO-h. Figure 6 shows the 
two-color MPI threshold photoelectron spectrum of 
9-HPO-h obtained via the S1 0’ level. The first prominent 
peak appears at an ionization laser energy of 42 043 cm- ‘. 
This band is associated with the lower splitting level of the 
zeroth vibrational level in the Do state because the spec- 
trum has been obtained by exciting the lower splitting level 
in the Sl state. The accurate adiabatic ionization potential 
can be obtained as a sum of the excitation and ionization 
energies, 
I,=65 338+5 cm-‘(8.lOO9~0.0006 eV). 
This value shows a good agreement with that obtained 
with conventional He(l) photoelectron spectroscopy (8.12 
eV).21 A total of 12 photoelectron bands were observed 
below the ion internal energy of 900 cm-‘. The resulting 
J. Chem. Phys., Vol. 99, No. 1, 1 July 1993 
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TABLE III. Vibrational frequencies (cm-‘) of 9-HPO-h and 9-HPO-d 
observed from the MPI threshold photoelectron spectra. 
9-HPO-h 
via S@ 
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‘Ionization laser energies (cm-‘). 
data are summarized in Table III. Due to the lack of avail- 
able spectroscopic information, it is impossible to assign 
the vibrational band. 
C. 9-Hydroxyphenalenone-d (9-HPO-d) 
Figure 7 shows a two-color ion-current spectrum of 
jet-cooled 9-HPO-d. The O-O band is located at 23 406 
cm-’ . The energy shift on isotope exchange is + 108 cm-‘, 
which is similar to the value (102 cm-‘) reported by 
Rosseti et al. 2’(a) and by Bondybey et al. l1 The positions of 
the observed vibrational bands are summarized in Table II 
together with the available data obtained in a neon matrix. 
The vibrational structure below the excess energy of 400 
cm-’ shows good correspondence with that obtained in a 
neon matrix. Of particular note is the relatively broad band 
positioned around 170 cm- ’ excess energy in Fig. 7. Care- 
ful wavelength scanning of the excitation laser in this re- 
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FIG. 8. Pressure dependence of spectral intensities in the ion current 
spectrum of jet-cooled 9-HPO-d in the 170 cm-’ excess energy region. 
The argon pressure was varied between 1.5 and 2.5 atm. 
at 167 and 175 cm-‘. On increasing the stagnation pres- 
sure from 1.5 to 2.5 atm to achieve better cooling, the 167 
cm-’ band was found to disappear (see Fig. 8), indicating 
that the 167 cm-’ band is due to a hot band transition. 
Clearly it seems extremely unlikely that this band arises 
from a hot band transition involving a skeletal vibration 
given the large frequency change on excitation that this 
would require. In addition, the jet cooled conditions would 
prevent vibrationally excitation to such levels in the S,, 
state. The most favorable candidate for this transition is 
the hot band originating from the upper tunneling splitting 
level of the zeroth vibrational level in the S, state, since the 
splitting width is only 12 cmW1.ll Although this value has 
been obtained in a low temperature matrix, we have as- 
sumed the same value under isolated conditions. Therefore 
we have assigned the band at the 167 cm- ’ excess energy 
to H[. The tunneling splitting width of the S, state has 
been determined to be 179 cm- ’ from this result. 
I  *  I  I  I .  I  *  I  L 
23400 23600 23800 
w , Energy I cm-’ 
FIG. 7. A two-color ( 1 + 1’) ion current excitation spectrum ofjet-cooled 
9-HPO-d in the S,-So region, obtained by fixing the ionization energy at 
42 720 cm-‘. 
Two-color MPI-threshold photoelectron spectra of 
9-HPO-d are shown in Figs. 9(a) and 9(b), which were 
obtained by exciting the S1 0’ and H’ levels, respectively. 
The first prominent peak in spectrum (a) appears at the 
ionization energy of 41 944 cm- ‘. According to the selec- 
tion rule, this band should represent the lower splitting 
level of the zeroth vibrational level, O+, in the Do state. 
The adiabatic ionization energy of 9-HPO-d has been 
therefore determined from this band position, and calcu- 
lated as a sum of the excitation and the ionization laser 
energies; 
I,=65 35Oh5 cm-1(8.1024~0.0006 eV). 
J. Chem. Phys., Vol. 99, No. 1, 1 July 1993 
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FIG. 9. Two-color ( 1 + 1’) threshold photoelectron spectra of 9-HP04 
obtained via (a) S, O+ and (b) S,O-. 
The ionization energy shift on deuteration is + 12 cm-’ 
with respect to 9-HPO-h. 
The origin band positioned at an ionization energy of 
41 766 cm-’ in Fig. 9(b) should arise from the transition 
to the upper splitting level, H+l, in the cation. Principally 
from this value, the splitting width in the Do state can be 
determined on the basis of the splitting width in the So 
state. As was discussed earlier, the 167 cm-’ band assigned 
to the S, H’ level in the MPI spectrum shows a stagnation 
pressure dependence. On the contrary, the 175 cm- ’ band 
positioned just above the 167 cm- ’ band is found to be a 
cold band. It is possible that excitation of this relatively 
unresolved band may also result in the simultaneous exci- 
tation of the 175 cm-’ vibronic band by which it is almost 
overlapped. In order to eliminate the possibility that exci- 
tation of the 175 cm-’ band may contribute to spectrum 
(b) in Fig. 9, we can consider the following three ioniza- 
tion schemes depicted schematically in Fig. 10: 
WI 02 
Scheme 1. SoOo( +)---S,O”( +)---&O+( +), 
Scheme 2. s@,(-)---S@‘( -)---Dfl+‘( -), 
Scheme 3. SoOo( +)---SIOo+ 175( +>---DoO+( +>. 
Here ( + ) and ( - ) indicate the lower and the upper 
splitting level, respectively. As is mentioned about the se- 
lection rule in Introduction, transitions terminating on lev- 
els with the same parity should appear in electronic tran- 
sitions, which are symbolically expressed as + -+ + and 
--+-. Therefore, Scheme 1 corresponds to the transition 
terminating on the lower splitting level of the zeroth vibra- 
tional level in the cation which results in the appearance of 
the first prominent peak, Of, in the threshold photoelec- 
tron spectrum (a) in Fig. 9. The transition energy is 




FIG. 10. Possible ionization schemes of 9-HPO-d. The detail explanation 
of this figure is given in the text. 
(q)23406+ (0,)41944=65 350 cm-‘. 
We can now consider whether the threshold photoelec- 
tron spectrum obtained by exciting the 0+ 167 cm-’ level 
in the S1 state is due to Scheme 2 or 3. The total transition 
energy in the threshold photoelectron spectrum recorded 
via the S1 0+ 167 cm-’ level [Fig. 9 (b)] is calculated to be 
(a,)23 573{23 409+ 167)+ (W2)41 766 
=65 339 cm-‘. 
Clearly, the total transition energy is smaller by 11 cm-’ 
than that of Scheme 1. If the threshold photoelectron spec- 
trum (b) in Fig. 9 is due to excitation of the 175 cm- ’ 
vibronic band, then the transition should originate from 
the lower splitting level in the So state and terminate on the 
lower splitting level in the Do state. In other words, the 
total transition energy should be in agreement with the 
adiabatic ionization energy described as Scheme 1. It is 
evident, therefore, that the total transition energy obtained 
from the spectrum (b) in Fig. 9 can only be attributed to 
Scheme 2, and the first band can be definitely assigned to 
the H+ ’ level in the Do state. 
It is possible from the present result to determine the 
lower limit of the splitting width in the So state. The dif- 
ference between the transition energies of Schemes 1 and 2 
becomes smallest, if there is no splitting in the Do state. 
This leads to a lower limit for the So splitting width of 11 
cm-’ which is in good agreement with the value of 12 
cm-’ previously determined by Bondybey et al.” By using 
the latter value (12 cm-‘) in the So state, the tunneling 
splitting width in the Do zeroth vibrational level can there- 
fore be determined to be 1 cm- ’ from our experimental 
results. Clearly for both tropolone and 9-HPO-d, the ob- 
served tunneling splittings in the Do states are smaller than 
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TABLE IV. The observed tunneling splitting width (cm-‘) of the zeroth 
vibrational level of tropolone and 9-HPO. 
so St 
Tropolone l(29.194 GHz)” 19b 
9-HPO-h 69d 311d 
9-HPO-d 12d 179c 
Observed by Tanaka (Ref. 4). 
bobserved by Sekiya et al. (Ref. 18). 
‘Present work. Experimental accuracy is 2 cm-‘. 





drogen bond. This effect is the dominant factor in deter- 
mining the rate of proton tunneling. The removal of a rr 
electron results in a 67~ aromaticity of the seven-membered 
skeletal which results in the approach of the two oxygen 
atoms towards each other. It seems logical that this should 
also accelerate proton tunneling, but in spite of this, we 
have found proton tunneling to be inhibited in the Do state. 
We should conclude therefore that the geometric factor 
only contributes to a small extent in determining the rate of 
the proton tunneling in the Do state. 
our experimental accuracy. Thus the proton tunneling is 
inhibited for the both cations with respect to their neutral 
states as shown in Table IV. 
The observed vibrational frequencies in Figs. 9 (a) and 
9(b) are summarized in Table III. It is of significant in- 
terest that the vibrational structure differs between the two 
spectra in Figs. 9(a) and 9(b). If, as is suggested from the 
present experimental data, the proton tunneling is almost 
inhibited in the Do state due to a high tunneling potential 
barrier, then the corresponding vibrational spectra of the 
ion obtained by exciting the upper and lower levels of the 
intermediate state should be almost identical as in the case 
of tropolone. The difference in spectral features between 
spectra (a) and (b) for 9-HP04 indicates that the proton 
tunneling in the Do state must occur for vibrationally ex- 
cited levels in the Do state. Unfortunately, due to the lack 
of available spectral information, any band assignments are 
impossible and the tunneling splitting width at vibration- 
ally excited level cannot be determined from the present 
threshold photoelectron spectra. Consequently discussions 
about 9-HP04 in the next section will be concentrated on 
the splitting width of the zeroth vibrational level. 
Previously we have discussed the weakening of the in- 
tramolecular hydrogen bonding of tropolone in terms of 
the reduction in the degree of electron polarization on the 
proton acceptor in the Do state when compared to that in 
the So state.” The hydrogen bond is formed by the in-plane 
lone pair r electrons on the proton acceptor (the carbonyl 
oxygen in this case). In contrast, the rr electron conjuga- 
tion is formed by out-of-plane P electrons. Gilli ef aLz3 
have suggested in their resonance assisted hydrogen bond- 
ing (RAHB) model that any change in the out-of-plane ?r 
electron environment must influence the in-plane r elec- 
tron system involved in hydrogen bonding. This mixing 
between in-plane electrons and out-of-electrons has been 
applied to tropolone in our previous communication and 
can be extended to the present study to explain our result 
for 9-HP04 
IV. DISCUSSIONS 
A. Inhibition of the proton tunneling in the Do state 
We have shown that the observed tunneling splitting 
width in the Do zeroth vibrational level is found to lie 
within our experimental error limits, i.e., 0 cm-’ for tro- 
polone and 1 cm-’ for 9-HPO-d. These experimental evi- 
dences clearly indicate that the proton tunneling is inhib- 
ited in the Do states, in contrast to that observed in the 
corresponding neutral states. The molecules studied in the 
present work have both an intramolecularly hydrogen- 
bonding unit and an aromatic ring skeletal. According to 
the assignments of conventional He (I> photoelectron spec- 
tra, the first ionic states are due to P electron remova1.21Y22 
The resulting change in an electronic environment should 
cause changes in the molecular skeletal framework as well 
as in the charge distribution. These changes may be called 
the “geometric factor” and the “electronic factor,” respec- 
tivel y. 
The reason for the choice of 9-HP0 in the present 
study is that it has a rigid carbon skeletal framework. In 
previously reported photoelectron studies,21*22 vibrational 
progressions have been observed in tropolone, whilst for 
9-HP0 the first photoelectron band consists of a single 
peak with a band width of about 0.2 eV. This indicates that 
the molecular structural change accompanying the Do-So 
ionization process is much smaller in 9-HP0 than that in 
tropolone. The rr electron removal does not affect the mo- 
lecular structure of 9-HP04 when compared to tropolone, 
which means that the geometric factor will have only a 
minimal effect on the rate of tunneling in the Do state. 
From the similarity of our threshold photoelectron results 
for tropolone and 9-HP04 it can be concluded that the 
electronic factor must be the dominant reason for the in- 
hibition of the proton tunneling in the both molecules. 
The above discussion clearly revolves around the 
weakening of hydrogen bonding, but it would be instruc- 
tive to have some direct experimental indication of this 
presumed phenomenon. The most obvious way to confirm 
this point experimentally would be to measure the vibra- 
tional frequency of the O-H stretching mode, which is 
expected to appear at around an internal energy of 3000 
cm-‘. However, in the threshold photoelectron spectra re- 
ported here, no indication was found of any bands in the 
3000 cm-’ region and consequently we have no direct in- 
dication of any changes in hydrogen bonding that occur 
upon ionization. 
In our previous communication, the inhibition of pro- The tendency for the inhibition of proton tunneling in 
ton tunneling in tropolone has been explained predomi- the Do state is thought to be general in molecular systems 
nantly in terms of the electronic factor.” That is to say, the having both intramolecularly hydrogen bonding units and 
reduction in charge density on the ketonic oxygen (proton aromatic units. The rr electron removal results in the trans- 
acceptor) weakens the strength of the intramolecular hy- fer of electron density away from the proton accepting 
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moiety, and consequently the strength of hydrogen bond- 
ing becomes significant weaker. This means that the elec- 
tronic factor plays an important role and the skeletal rigid- 
ity associated with the geometric factor is not a dominant 
factor in determining the tunneling rate. 
B. Tunneling path of tropolone 
FIG. 11. The T-r two-dimensional tunneling coordinate of tropolone 
(Ref. 15). The dotted lines indicate the folding line about which the 
skeletal ring is deformed to the boat configuration. 
In order to conduct a rigorous theoretical treatment of 
the tunneling coordinate of a medium-sized molecule, it is 
necessary to consider the motions of all the atoms in the 
system. However, due to the obvious complexity of such a 
calculation, no attempt has so far been reported. Neverthe- 
less, it should be possible to develop a simplified scheme to 
achieve some level of insight into the tunneling coordinate. 
In their investigation of malonaldehyde, Shida et al. 24 have 
proposed the most probable path (MPP) as an alternative 
to the established minimum energy path (MEP) for a 
three-dimensional tunneling coordinate (two O-H and one 
O-O distances). They have shown that the tunneling 
through MPP, which has a high barrier but involves a 
small heavy atom motion occurs more easily than through 
MEP. Their result indicates that the heavy atom motion 
has a close relationship with the actual tunneling process. 
In the case of tropolone, any theoretical treatment involv- 
ing a multidimensional coordinate has not been carried 
out. Redington et al.,13 however, have proposed a two- 
dimensional coordinate on the basis of the precise obser- 
vation of their experimental results. This coordinate sys- 
tem is basically similar in concept to our geometric and 
electronic factors. It seems therefore to be convenient to 
describe the tunneling process in tropolone in terms of this 
coordinate system. Of the three observed electronic states, 
the tunneling is most accelerated in the St state and is most 
inhibited in the Do state. In this section, we will attempt to 
explain the differences in the tunneling rate of tropolone in 
the three electronic states. 
The tunneling coordinate proposed by Redington 
et al.13 is as follows. The tunneling motion consists of two 
motions; one is the proton transfer rearrangement, and the 
other is the skeletal twisting motion as shown in Fig. 11. 
Coordinates T and T are associated with the out-of-plane 
twisting of the molecule and the proton transfer motion 
combined with the skeletal changes that accompany tun- 
neling, respectively. As shown in Fig. 11, possible tunnel- 
ing paths include sequential T and r displacements leading 
through the intermediate B or simultaneous displacements 
of T as well as r leading through the symmetric interme- 
diate D, as shown in Fig. 11. 
As explained in the previous section, the tunneling in- 
hibition of the tropolone cation is attributable to the elec- 
tronic factor. This factor is associated with the strength of 
the intramolecular hydrogen bond, and therefore relates to 
the T coordinate. The weakening of the hydrogen bond in 
the Do state means that the width of potential barrier with 
respect to the T coordinate is larger than that in the S, 
state. We have also mentioned that the geometric factor is 
associated with the ring planarity which has a close rela- 
tionship to the ring flexibility. Consequently we can relate 
._ 0HLO -.: -._. 0 ., oNH,o p‘\ 4- ‘.. ,... /“ . _... > .., u 2-l ..L ‘.._ 
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the geometric factor to the r coordinate because this coor- 
dinate involves the skeletal twist motion, 
If tropolone forms a perfectly planar structure, then T 
will play no role in the tunneling process. X-ray crystal- 
lography of tropolone has shown that the bond distances 
between the carbon atoms alternate between successive 
carbons in the range of 1.3-1.4 A and that the ring deforms 
from planarity to a boat configuration by about 2 degrees. ** 
Unfortunately the lack of structural data in the S1 and Do 
states forces us to speculate as to the structure and hence 
deviation from planarity of the molecule in these states. 
For the purpose of this discussion, we shall assume that 
this bond alternation remains in Si and Do states. Conse- 
quently, since tropolone does not form a planar structure, 
the r coordinate must play some role in the tunneling path. 
The tunneling rate with respect to the r coordinate is 
governed by the potential barrier height which is deter- 
mined by the ring flexibility. It would be convenient if we 
could estimate this property from a particular out-of-plane 
vibrational frequency. From an analysis of LIF measure- 
ments of the oxygen isotope-enriched tropolone, Redington 
et aLI have found that the isotope shift of the mode 26 
vibrational frequency amounts to about 2%, indicating 
that the 26 mode vibration involves a large displacement of 
the oxygen atoms. A recent normal coordinate analysis of 
neutral tropolone using a 6-31G** basis set by Redington 
and Bock** has also supported this finding. They have 
pointed out that the lowest experimentally observed out- 
of-plane vibrational frequency mode is the 26 mode, show- 
ing a large displacement of the ketonic oxygen. The oxygen 
atom motion arises from the ring buckling displacements 
toward the stable boat conformation of 2,4,6- 
cycloheptatriene. Since the P resonance favors the planar 
conformation, it can be concluded that for tropolone, mode 
26 is a direct indicator of the ring aromaticity. In other 
words, the strengthening of the P resonance results in a 
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higher frequency of mode 26, while weakening of the res- 
onance permits the skeletal ring to move flexibly. 
The observed vibrational frequencies of mode 26 in the 
Sc and Do states are 109 and 104 cm-‘, respectively. In the 
St state, however, the vibrational frequency decreases dras- 
tically to 39 cm-‘. This result indicates that the resonance 
energy stabilizing the planar configuration of the ring is 
reduced, resulting in significantly increased ring flexibility 
in the S, state of tropolone. Consequently, it seems reason- 
able to assume that the main reason for the acceleration of 
tunneling in the St state is due to a lower barrier height 
with respect to the r tunneling coordinate. Schematic po- 
tential with respect to the T and r coordinates are also 
shown in the Fig. 11. 
V. SUMMARY 
From the present high-resolution REMPI threshold 
photoelectron (ZEKE photoelectron) spectroscopy, it has 
been found that the tunneling splitting width of the Do 
zeroth vibrational level is smaller than our experimental 
accuracy for both tropolone and 9-HP04 This result in- 
dicates that the proton tunneling in both molecules in their 
Do states is inhibited when compared to the respective neu- 
tral states. The inhibition of proton tunneling in the Do 
state has been explained in terms of a reduction of the 
charge density on the ketonic oxygen which results in a 
weaker intramolecular hydrogen bond. This means that the 
electronic factor is dominant over the geometric factor in 
determining the tunneling rate in the Do state. This is the 
first experimental demonstration on this effect. 
In addition, the present work has shown the possibility 
of applying complex tunneling coordinates to a medium 
sized molecule. In attempting to identify the principal tun- 
neling coordinates which describe proton tunneling phe- 
nomena, the first level of approximation can be made by 
considering the aforementioned electronic and geometric 
factors for whichever molecular system is under investiga- 
tion. However, in order to achieve a higher level of insight 
into the tunneling coordinates, it has shown to be ex- 
tremely valuable to identify some property of the molecule 
which has a direct bearing on whether proton tunneling 
will be accelerated or inhibited in a particular electronic 
state. As in the case of tropolone, this has been accom- 
plished through the successful identification of a vibra- 
tional mode (mode 26) whose vibrational frequency re- 
flects the flexibility of the seven-membered ring. This in 
turn can be directly related to the geometric factor (whose 
coordinate in the case of tropolone is described by r), since 
the deformation of the ring from planarity to a boat con- 
figuration has the effect of bringing the ketonic oxygen 
atoms together. In tropolone, the frequency of mode 26 is 
approximately the same in the S,, and & states but de- 
creases dramatically in the S, state, indicating that in the 
Sc and Do states the molecule remains comparatively rigid 
whilst in the S, state the molecule becomes far more flex- 
ible. Since proton tunneling is observed to be greatly ac- 
celerated in the Si state, we have directly attributed this to 
the increased flexibility of the ring and hence to a lower 
barrier with respect to the r coordinate. Since the ring 
flexibility in .!?a and Da is almost the same, the complete 
inhibition of tunneling in Do when compared to the signif- 
icant tunneling in Sc must be attributed to a smaller width 
of the potential barrier in So with respect to the T coordi- 
nate (i.e., the electronic factor). In the case of g-HP04 a 
lack of available spectroscopic information limits our in- 
vestigation of proton tunneling to the first level of approx- 
imation which is made by considering the electronic and 
geometric factors. The present results of 9-HP04 show 
that the dominant cause of inhibition of proton tunneling 
in the Do state is the electronic factor. Accordingly if a 
characteristic motion can be observed also in 9-HPO, then 
it would be possible to explain the difference in the rate of 
proton tunneling in the various electronic states in a sim- 
ilar way to that achieved for tropolone, and hence provide 
a better understanding of its tunneling coordinates. 
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